The intensity of cosmic rays is steeply falling with energy. The differential spectrum can be approximated by an E
Introduction
The history of cosmic rays now spans more than 90 years since Victor Hess made his epochal balloon flights up to previously unexplored altitudes [1] . Significant discoveries were made with cosmic rays, e.g. the discovery of the positron [2] , before man-made accelerators became the more prominent tools of particle physics. Pierre Auger, Roland Maze and co-workers discovered and correctly interpreted the extended air showers induced by primary particles of very high energy in 1938 [3] . In the last decade a renaissance of cosmic ray physics and the birth of astroparticle physics occurred, comprising not only cosmic ray research but also the search for dark matter, VHE gamma astronomy, gravitational waves as well as neutrino physics with solar, atmospheric and ultra-high-energy neutrinos and direct neutrino mass determinations. The combination of these fields has already resulted in many new insights and many participants of this 18th European Cosmic Ray Symposium are witnesses to this exciting development from the very beginning.
This paper focuses on cosmic rays at the highest energies observed so far, a hundred million times more than we can achieve with accelerators, and reaching up to tens of joules in a single particle or nucleus. A full account of the historical cosmic ray experiments, Volcano Ranch, Akeno and AGASA, Haverah Park, Yakutsk, Fly's Eye and others, can be found in several excellent reviews [4] [5] [6] . Today, only the AGASA array and the Fly's Eye successor HiRes are operating at the high-energy frontier. Upcoming new experiments are the Pierre Auger Observatory and the space-borne Extreme Universe Space Observatory (EUSO).
Observations and interpretations
The energies of cosmic rays range over 12 orders of magnitudes from 100 MeV to several hundred EeV; the flux varies over this energy range by even 31 decades from many particles per cm 2 s to one particle per km 2 century at the highest energies ever observed. Many models have been developed to explain the sources of cosmic rays and the acceleration mechanism (bottom-up scenarios). Alternative ideas invoke decays of super massive relic particles or topological defects to explain the observations (top-down models). Also in this respect cosmic ray research has become a melting pot of astrophysics and particle physics.
Direct measurements with high-precision particle identification have been done with balloon and satellite experiments. About 80% of the primary nucleons are free protons and about 70% of the rest are mostly nucleons bound in helium nuclei [6] . This has given valuable information on the primary particles but is still today limited by the flux to 10 14 eV. A solar modulation has been found up to a few GeV. Above this, the all-particle spectrum shown in figure 1 follows a clearly non-thermal power-law spectrum, which can be described from several GeV up to 100 TeV by I N (E) ≈ 1.8E −α nucleons/(cm 2 s sr GeV), where E is the energy per nucleon (including rest mass energy) and α = (γ + 1) = 2.7 is the differential spectral index of the cosmic ray flux and γ is the integral spectral index. The spectral index changes to α = 3.1 at about 4 × 10 15 eV. This feature is called the 'knee'.
Indirect measurements on the ground using very large detector arrays are required above 10 14 eV due to the low counting rate. Thus the experimental techniques are different and make use of scintillator counters and water Cherenkov detectors as well as optical detection systems for air fluorescence and Cherenkov radiation emission.
Energy density considerations show that cosmic rays contain roughly as much energy as the visible star light or the large-scale magnetic fields. In order to maintain this energy density of 1 eV cm −3 a power of about 5 × 10 33 W must be provided in the galaxy (4 × 10 7 times the luminosity of the sun). This coincides with the energy released by galactic supernovae assuming realistic efficiencies of a few per cent and may be a strong hint to the origin of cosmic rays. Up to 10 16 eV the origin is probably galactic, and the gyro radius is much smaller than the galaxy. Enrico Fermi introduced stochastic acceleration in 1949 as a possible mechanism to boost charged particles to high energies [7] . The required power and efficiency of this process is, however, only reached in strong cosmic shock waves. These exist in a great variety in the universe but within our galaxy only supernova remnants seem to be able to explain the observations. Particles above 10 18 eV are almost certainly of extragalactic origin since they cannot be confined by galactic magnetic fields. There is no known source within our Milky Way and the above-mentioned acceleration processes are not strong enough. This can be seen in a very basic picture in which the maximum attainable energy E max is given by the magnetic field strength B, the size L of the acceleration region, the charge z of the particle and a typical shock wave velocity β by E max = zβBL. Possible cosmic acceleration sites are plotted in a 'Hillas diagram', see figure 2 [8] . This is further constrained by synchrotron and absorption losses in the source for very high values of β and L, respectively. It appears that acceleration to 10 20 eV is indeed a challenge. The now historic experiment at the Volcano Ranch in New Mexico reported the first cosmic ray air shower with an estimated energy above 10 20 eV in 1962 [9] . Since then experiments such as Haverah Park (UK), Yakutsk (Siberia), Fly's Eye (Utah) and AGASA (Akeno, Japan) have published data on ultra-high-energy cosmic rays above 10 19 eV and ranging up to 3 × 10 20 eV [10] [11] [12] [13] . It has been shown that these data are consistent within energy scale errors of less than 30% [14] . Of these experiments today only the AGASA experiment is operational. The Fly's Eye experiment has been replaced by its successor HiRes (high-resolution Fly's Eye).
Greisen, Zatsepin and Kuz'min pointed out in 1966 that protons, nuclei and photons all interact quite strongly with the cosmic microwave background. This phenomenon has become known as the GZK effect [15] . The mean energy of the background photons is only 0.7 meV in our reference system but they appear strongly blue shifted in the rest frame of a cosmic , and the known pγ cross section one may calculate the residual energy as a function of distance travelled. The result of a more elaborate simulation is shown in figure 3 for protons of different initial energies. For heavy nuclei, successive disintegration by scattering on the infrared background photons is the dominant process, and the attenuation length is similar to that of protons [4, 16] .
The angular distribution of UHECR events is only known with insufficient statistics. At energies around 10 18 eV the AGASA group reports an excess of events coming from the galactic plane. At the highest energies there are some double or multiple events within the angular resolution but much more data are needed before strong conclusions can be made.
Recent data reported from the AGASA and HiRes groups show some disagreement about the flux of UHECR above 10 20 eV [17] (see figure 4 ). The AGASA data have recently been reevaluated and show no apparent GZK cut-off [19] . The spectrum from the HiRes experiment has less statistics but contains much less events above 5 × 10 19 eV than expected from the AGASA spectrum. The reasons for this are not understood at present.
The energy determination methods for ground arrays and fluorescence detectors are different and complementary. A hybrid concept such as the Pierre Auger Observatory allows us to combine the strengths of both approaches and to avoid the shortfalls.
The basic method for ground arrays is based on a fit of the observed particle densities to a lateral distribution function. The particle density at a particular distance from the shower core is then used as an energy estimator in a conversion relation specifically designed for a given experiment. Particle densities are often denoted by ρ(D) for water Cherenkov detectors such as Haverah Park, or S(D) for scintillator experiments such as AGASA. In order to minimize shower-to-shower fluctuations, dependences on the mass of the primary particle and on the hadronic interaction model entering the lateral distribution function, a good choice of the optimal distance D is 600 m, or even 1000 m for the highest energies considered. More details may be found in [4, 18] . [18] . Right: attenuation length of protons, iron nuclei and gamma rays in the microwave, infrared and radio background radiations, respectively [4] . Air fluorescence detection involves a geometric track reconstruction and a number of corrective factors to determine the light curve: air fluorescence yield, direct and scattered Cherenkov light and attenuation and scattering of light in the atmosphere. The fluorescence yield is the number of photons produced per metre by a charged particle or the number of photons per unit of energy loss in air; the signal is contained in the 300-400 nm interval. Its absolute value is roughly five photons/m for an electron track of 80 MeV [21] . Rayleigh scattering deforms the spectrum between emission in the shower and fluorescence detector, which may be as large as tens of kilometres. The emission line at 391 nm is therefore particularly important; new measurements may indicate that its yield is lower than that previously assumed [22] . New experiments are being undertaken to determine the air fluorescence efficiency and its dependence on relevant conditions, including energy deposited by the exciting particle, pressure, density, temperature, humidity, ozone content, and others.
The geometrical track reconstruction in a stereo configuration by more than one optical detector (HiRes, phase II, starting up) or in a hybrid configuration together with a ground array (Pierre Auger Observatory, under construction) is greatly improved compared to a monocular reconstruction and will reduce systematic uncertainties.
The Pierre Auger experiment
The Pierre Auger experiment is designed to answer some of the questions related to the highest energy cosmic rays. An important feature is the hybrid approach combining for the first time a large ground array of water Cherenkov detectors with imaging fluorescence telescopes. In the final configuration 1600 water tanks will be placed on a triangular grid with 1.5 km spacing to cover 3000 km 2 . Twenty-four fluorescence detectors in total will be grouped in four locations at the perimeter of the ground array to oversee the entire surface detector. Detailed information may be obtained from the Pierre Auger Project website [23] .
The experimental site has been chosen to meet the requirements for such an installation, i.e. a large flat area without light pollution, but with technical infrastructure relatively nearby, clear dark night sky and support of the host country. These requirements were fulfilled in Argentina It is planned to build a second Pierre Auger Observatory in the Northern Hemisphere to achieve full sky coverage. The time structure of PMT pulses will allow us to distinguish muons or electrons producing the Cherenkov light and to infer the thickness and curvature of the shower front; these parameters are sensitive to the mass of the primary particle. The trigger conditions will require four or five stations with a significant energy deposit. Detection efficiency will begin around 10 18 eV and reach 100% at 10 19 eV. The electronics is designed for low power consumption, extended self-test features and makes use of cellular phone technology to communicate over wireless LAN with the nearest microwave repeater. GPS receivers synchronize the station clocks. A solar panel and a buffer battery provide electric power. 
The surface detector array (SD)
Water
The fluorescence detector
The fluorescence detector (FD) is an independent detector and at the same time a calibration tool for the SD. While the acceptance of a ground array can easily be computed this is not straightforward for an optical detector and requires detailed knowledge of the atmospheric conditions. On the other hand, the calorimetric energy measurement by means of fluorescence light is much more direct than from shower distributions at ground level. In addition, the fluorescence technique allows reconstructing the longitudinal shower development in the atmosphere.
The fluorescence detector consists of 24 individual wide-angle Schmidt telescopes grouped in four stations, see figures 5 and 7. Each telescope has a 30
• field of view in azimuth and vertical angles. The four stations or 'eyes' at the perimeter of the surface array consist of six telescopes each for a 180
• field of view inwards over the array. Each telescope is formed by segments to obtain a total surface of 12 m 2 on a radius of curvature of 3.40 m. Two mirror technologies will be used: aluminium mirrors with a diamond-milled surface and cast/polished glass mirrors with a thin Al layer. The aperture has a diameter of 2.2 m and is equipped with optical filters and a corrector lens. In the focal surface a photomultiplier camera detects the light on 20 × 22 pixels. Each pixel covers 1.5
• × 1.5
• and the total number of photomultipliers in the FD system is 13 200. The PMT signals are continuously digitized at 10 MHz sampling rate. The trigger system is designed to filter out shower traces from the random background of 200 Hz per PMT and makes extensive use of FPGA technology to remain simple, flexible and remote-controlled. The final trigger rate for shower data is less than 1 Hz to match the communication systems bandwidth.
Atmospheric monitoring is extremely important in order to correct for the light losses over distances of several tens of kilometres, equivalent to several attenuation lengths for the near-UV fluorescence light. A sophisticated monitoring scheme will include laser beams, LIDAR, calibrated light sources and continuous recording of weather conditions and atmospheric density and temperature profiles by balloon radio sonde flights.
Expected performance of the Pierre Auger detector
We demonstrate the expected performance of this instrument based on the Technical Design Study and further work thereafter [24] . The acceptance of the Pierre Auger Observatory is 7200 km 2 sr for zenith angles up to 65
• . This is the basis for obtaining a much larger event statistics than ever before. The number of expected events for one year of operation is given in Figure 8 . Left: expected events for one year of operation, if the spectrum continues as suggested by the AGASA experiment without a GZK cut-off. Right: the blue line is a hypothetical spectrum with a cut-off feature, the dots indicate the reconstructed spectrum using the Pierre Auger detector including resolution after three years of operation. The inset shows the energy resolution [23].
figure 8 assuming the spectrum measured by AGASA without a GZK cut-off. For SD events alone, signals in five tanks above the threshold are required, resulting in a minimum energy of a few EeV. The hybrid events extend to lower energies using timing information from only two tanks together with the FD. Above 10 19 eV the SD is fully efficient and the number of hybrid events reflects the expected 10% duty cycle of the optical detectors. Based on a Monte Carlo simulation we also show the ability of the Pierre Auger detector to reconstruct a given cosmic ray energy spectrum assuming now that there is a spectral feature such as the GZK cut-off.
We also point out that there is significant potential for determining the primary particle composition by means of several complementary methods and observables. These include the atmospheric depth in which the shower maximum occurs, the ratio of muons to electrons in the shower and the time structure of the shower disc.
Neutrinos may be used as a probe to otherwise invisible regions from which no other particle such as photons or charged nuclei may escape. Astrophysical sources of high-energy neutrinos range from neutron stars over active galactic nuclei to colliding galaxies. It is worth noting that the GZK effect itself is a source of high-energy neutrinos originating from the decay of pions produced in the particle collisions with the 3K background.
It has been noted that large detectors for cosmic rays also have a significant detection potential. The large volumes of air above cosmic ray detectors contain substantial target masses, e.g. more than 30 gigatonnes in the case of the Pierre Auger Observatory. A series of studies of very inclined showers has been made using the data from the Haverah Park experiment and the sensitivity of the Pierre Auger Observatory to neutrinos has been evaluated [25, 26] (see figure 9 ). Neutrinos may be distinguished from other primary particles by looking for very inclined showers: the thickness of the atmosphere is 36 000 g cm −2 for a horizontal path (90
• zenith angle) and only neutrinos can travel through most of this matter before they induce an extensive air shower near the detector. Neutrino-induced showers would exhibit a curved structure whereas ordinary, hadron-induced showers have a thin, flat muonic disc after traversing several atmospheric depths. [20] . The line 'ν τ limit (E −2 )' corresponds to the 90% CL limit (background free detection) for an E −2 flux between 0.3 and 3 EeV that Auger could achieve after five years. Muon or tau neutrino and anti-neutrino fluxes from various sources in the full mixing hypothesis, taken from [27] (and divided by 2). Dotted lines are speculative fluxes, dashed: probable and solid: certain. 
First events, status and schedule
The Pierre Auger Observatory is being constructed since March 1999 in stages. An engineering array (EA) consisting of 40 water tanks and two prototype telescopes was built during the year 2001. It is used to demonstrate the hybrid concept and to validate the technical designs before mass production. The ground array and fluorescence detectors were commissioned in the first half of 2001. Further system integration allowed recording simultaneously the data in both detectors with the distributed, asynchronous data acquisition system from December 2001 onwards. For three months, the EA was operated continuously. It recorded about 80 hybrid events and several hundred events in either subsystem.
In figures 10 and 11, we show the observed water tank signals and the reconstructed geometry for an event with 11 triggered tanks. A preliminary analysis [28] indicates that the Three-dimensional display for a hybrid event. The position of the LEONES telescope station is at the origin of the coordinate system. Operational tanks are shown in red, three triggered detectors are marked in yellow. The reconstructed track is contained in the field of view (blue frame) [29] .
energy of this shower is (2.5 ± 0.4) × 10 19 eV. The zenith angle is about 54
• . We observe very high signals close to the shower core. At 1.3 km distance from the shower centre the fast digitizing allows us to distinguish muons (sharp peaks) from electrons (lower, wide-spread signals). This feature may be utilized to estimate the muon-to-electron ratio in the shower, which is sensitive to the primary particle mass.
The first shower track in the fluorescence detector was recorded in March 2001. Figure 12 shows a typical event display of the FD. Two other examples of longitudinal shower profiles recorded in the FD are presented in figure 13 . The reconstructed number of charged particles is shown as a function of the atmospheric depth together with a Gaisser-Hillas standard curve fit. The energy estimates are preliminary and include first versions of atmospheric corrections and Cherenkov light subtraction.
In a pre-production phase during 2002, the Pierre Auger Observatory will continue to deploy Cherenkov water detectors; at the time of writing about 60 tanks have been positioned. Two buildings for fluorescence telescopes at LEONES and COIHUECO, indicated in figure 7, are ready for installation of the final telescopes. We expect to operate the surface array together with stereoscopic optical detection starting early 2003. The full configuration will be reached by 2005.
Conclusion
The Pierre Auger Observatory will start in the next few years to significantly improve our understanding of ultra-high-energy cosmic rays. The use of a hybrid detector with a large ground array, providing high statistics due to the full duty cycle, and a system of air fluorescence telescopes-giving longitudinal shower development, track reconstruction and independent calorimetric energy determination-will give data of unprecedented quality.
